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Abstract 

The  Air  Force  has  a  requirement  to  quantify  the  force  enhancement  effects  of 
military  space  systems,  but  no  methodology  currently  exists  for  the  measurement 
of  their  contribution  to  air  combat  outcome.  This  research  examines  the  Global 
Positioning  System  (GPS)  and  models  its  influence  on  air-to-ground  combat.  The 
decision  analysis  technique  of  influence  diagrams  is  used  to  identify  the  effects  of 
GPS  launch  decisions  and  constellation  sue  on  the  navigation  accuracy  available  to 
air  combatants.  The  effect  of  accuracy  variations  on  combat  outcome  is  shown  by 
using  a  value  tree  to  identify  the  affected  campaign  Measures  of  Effectiveness.  The 
study  reveals  that  the  use  of  GPS  for  navigation  and  weapons  guidance  results  in 
a  significant  increase  in  sortie  lethality  that  depends  on  the  actual  probabilities  of 
survival,  engagement,  and  kill  for  various  weapon,  platform,  and  target  combina¬ 
tions.  Also,  the  simultaneous  loss  of  several  GPS  satellites  is  shown  to  have  only  a 
moderate  time-averaged  effect  on  navigation  and  combat  outcome  in  the  Northeast 
and  Southwest  Asia  theaters.  The  methodology  presented  can  be  adapted  to  the 
study  of  other  military  space  systems. 
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A  Methodology  to  Assess  the  Impact  of 
the  Global  Positioning  System  on 
Air  Combat  Outcomes 


/.  Introduction 

1.1  Problem  Statement 

Most  military  decision  makers  perceive  that  the  success  of  modem  military 
operations  depends  on  force  enhancement  from  Department  of  Defense  satellite  con¬ 
stellations.  General  Charles  Homer,  commander  of  US  Space  Command,  recently 
'^.ateo  that  "Space  has  become  critical  to  modem  war  fighting”  (13)  and  “will  be 
vital  to  any  future  conventional  conflict”  (4).  In  spite  of  this  emphasis  on  the  value 
of  space  systems,  there  is  currently  no  methodology  available  to  quantify  the  mil¬ 
itary  campaign  value  of  a  complete  or  partial  military  satellite  constellation.  The 
Air  Force  requires  this  decision  aid  to  ensure  that  space  systems  programming  and 
budgeting  decisions  provide  the  maximum  effectiveness  per  dollar  (18). 

l.S  Background 

Due  to  budget  constraints  and  the  growing  dependence  on  space  systems,  the 
Air  Force  requires  decision  modeb  and  analyses  to  help  make  difficult  procurement 
decisions.  For  satellite  constellations,  analysts  use  simulations  to  determine  the 
schedule  for  replenishing  a  given  constellation,  to  ensure  its  availability  to  intended 
users.  Over  the  past  two  years,  the  Air  Force  Studies  and  Analysis  Agency  (AFSAA) 
developed  a  technique  to  evaluate  satellite  and  launch  vehicle  procurement  options 
during  the  programming  and  budgeting  phases  of  the  Air  Force  resource  allocation 
process.  The  current  Inventory  Replacement  Intervals  for  Satellites  (IRIS)  method- 
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Space  Sy«t«m«  Modeling  and  Simutattkxi 


Figure  1.  Hierarchy  of  Military  Modeling  and  Simulation 

ology  uses  launch  vehicle  and  satellite  reliability  data,  together  with  hardware  pro¬ 
curement  plans,  to  calculate  the  probability  of  achieving  and  maintaining  the  desired 
constellation  over  time  (15).  This  measure  of  system  availability  has  been  very  use¬ 
ful  in  comparing  risk  between  different  satellite  procurement  and  launch  interval 
options. 

Figure  1  depicts  the  hierarchy  of  military  modeling  and  simulation.  The  Air 
Force  currently  models  the  performance  of  space  system  components,  subsystems, 
and  systems,  represented  by  the  lower  levels  of  the  hierarchy.  As  shown  in  the  upper 
portion  of  Figure  2,  AFSAA  uses  the  IRIS  simulation  to  model  the  constellation  sise 
resulting  from  possible  launch  and  spare  inventory  decisions,  but  this  level  of  model¬ 
ing  does  not  support  the  analysis  of  space  system  effectiveness.  Thus,  they  have  no 
methodology  that  can  compare  the  military  value  of  one  constellation  configuration 
with  another. 

l.S  Research  Scope  and  Oi^  tctives 

The  primary  objective  of  this  research  is  to  provide  a  method  to  readily  assess 
the  potential  effects  of  var3ring  satellite  constellation  size  on  campaign  outcome.  The 
research  advances  the  analysis  of  space  systems’  operational  effectiveness  from  the 
current  system-level  models  into  the  campaign-level  tier.  Due  to  the  magnitude  of 
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Figure  2.  Influence  Diagram  Modeling  Space  System  Contribution  to  Combat 
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the  analysis  problem,  this  research  addresses  only  the  Global  Positioning  System 
(GPS)  constellation.  The  GPS  campaign  contribution  model  developed  through  this 
analysis  will  be  used  by  the  primary  research  sponsor,  the  Space  and  C*I  Division  of 
AFSAA.  As  such,  the  model  is  designed  for  Air  Force  analysts  and  decision  makers 
to  use  in  comparing  the  consequences  of  GPS  resource  allocation  decisions.  These 
decisions  affect  the  expected  constellation  sise  over  time,  and  thus  include  some 
risk  concerning  the  availability  of  GPS  during  a  possible  future  campaign.  This 
model  will  use  decision  analysis  techniques  to  identify  and  concentrate  on  the  most 
significant  contributions  of  GPS  navigation  to  combat  outcome.  The  potential  use 
of  this  method  for  other,  non-GPS,  military  space  systems  will  also  support  the 
interests  of  SMC/XR,  which  has  a  need  to  define  the  operational  contribution  of  Air 
Force  space  systems  (12). 

A  secondary  objective  is  the  investigation  of  potential  enemy  use  of  GPS 
against  our  own  forces.  The  worldwide  proliferation  of  inexpensive  GPS  naviga¬ 
tion  systems  poses  a  new  threat  to  our  current  navigation  advantage,  and  the  issue 
has  received  recent  Air  Force  Chief  of  Staff  attention  (10).  To  accommodate  these 
concerns,  the  research  will  develop  a  means  to  characterize  the  impact  of  enemy  ex¬ 
ploitation  of  the  GPS  signal.  This  method  will  provide  the  National  Air  Intelligence 
Center  (NAIC)  with  an  analysis  tool  to  further  investigate  these  issues. 

1.4  Use  of  Decision  Analysis 

Decision  analysis  is  the  study  of  modeling  complex,  multi-objective  decisions 
that  include  imcertainty  and  preferences  (6).  By  applying  decision  analysis  tech¬ 
niques  to  the  GPS  campaign  contribution  problem,  we  will: 

•  Use  influence  diagrams  to  identify  the  model  structure  of  the  space  system 
combat  contribution  problem. 

•  Use  a  value  tree  to  readily  identify  the  multi-tiered,  interdependent  effects  of 
space  systems  in  combat. 
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•  Use  simolatton  to  provide  a  means  to  forecast  combat  results  as  a  function  of 

varjring  space  systems’  resources. 

1.5  Overview  of  Thesis 

Chapter  II  presents  the  essential  characteristics  of  the  GPS  amsteUation  and 
its  application  to  navigation.  A  brief  review  of  previous  research  in  modding  the 
GPS  campaign  contribution  provides  a  foundation  for  the  methodology  in  this  thesis. 
This  chapter  also  summarises  the  major  system-level  assumptions  used  in  devdcqnng 
the  thesis. 

Chapter  III  describes  the  development  of  a  GPS  campaign  contribution  method¬ 
ology.  ESach  model  variable  or  parameter  and  its  associated  assumptions  are  identi¬ 
fied. 

Chapter  IV  is  a  review  of  analjrtical  results  obtained  with  the  model.  Sensi¬ 
tivity  analyses  are  presented  and  the  model  behavior  is  discussed. 

Finally,  Chapter  V  summarises  the  research,  presents  significant  findings,  and 
draws  conclusions.  Suggestions  for  follow-on  study  are  presented  as  an  aid  to  future 
research. 
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II.  Modeling  the  Contribution  of  GPS 

The  modeling  of  the  GPS  system’s  contribution  to  campsign  outcomes  requites 
a  basic  understanding  of  the  characteristics  of  the  system  and  knowledge  of  previous 
attempts  to  model  the  GPS  campaign  contribution.  This  ch^ter  outlines  the  aspects 
of  the  GPS  system  that  are  critical  to  simulation,  and  the  ^[>proaches  used  in  previous 
analyses.  The  reader  is  referred  to  the  GPS  NAVSTAR  User’s  Overview  (11)  for  a 
more  detailed  description  of  the  GPS  system. 

2.1  GPS  Navigation  System 

The  military  services  are  interested  in  the  use  of  satellite  radio  frequency  trans¬ 
missions  for  time,  space,  position,  and  navigation  information.  For  almost  30  years, 
increasingly  sophisticated  space  systems  have  proven  the  feasibility  of  satelHte-based 
navigation.  The  efforts  of  the  GPS  Joint  Program  Office  (JPO)  have  resulted  in  the 
deployment  of  a  highly  accurate  space-based  positioning,  velocity,  and  time  system 
for  worldwide  use. 

The  GPS  system  transmits  signals  of  two  code  types.  The  Standard  Positioning 
Service  (SPS)  signal  is  provided  for  civilian  use,  and  is  sometimes  referred  to  as  coarse 
acquisition  (C/A)  code.  The  higher  accuracy  Precise  Positioning  System  (PPS)  code, 
or  P-code,  is  available  only  to  authorized  military  or  DoD  users  who  have  access  to 
the  dassiiied  code  parameters.  The  SPS  and  PPS  accuracy  speciiications  are  listed 
in  Ihble  1. 

The  GPS  system  consists  of  three  major  components:  the  space,  control  (or 
ground),  and  user  segments.  Each  is  oriefiy  described  below. 

2.1.1  Space  Segment.  The  GPS  space  segment,  currently  approaching  full 
operational  capability,  will  consist  of  24  active  satdlites  distributed  among  six  orbital 
planes  (8).  Each  plane  contains  four  satellites  spaced  asymmetrically  to  optimize 
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'ntble  1.  GPS  Accuracy  Spedficatioiu 
(11:59) 


SPS 

PPS 

Measurement  Type 

Position  Accuracy 

76  m 

16  m 

Spherical  Error  Probable 

40  m 

8  m 

Velocity  Accuracy 

N/A 

0.07  m/sec 

Linear  Error  Probable 

Time  Accuracy 

115  nsec 

68  nsec 

Time  Error  Probable 

ground  coverage  in  the  event  of  a  failure.  The  24  satellites  (known  in  the  GPS 
community  as  Space  Vehicles,  or  SVs)  operate  in  near-drcnlar  orbits  at  an  average 
20,200  km  altitude  and  55  degree  inclination.  The  selected  altitude  and  eccentricity 
result  in  a  semi-synchronous  orbit  with  a  period  of  one-half  sidereal  day  (11  hours, 
58  minutes,  2  seconds).  This  causes  the  same  set  of  SVs  to  appear  over  a  fixed  user 
location  for  the  same  duration  each  day,  but  rising  and  setting  four  minutes  earlier 
on  each  successive  day. 

The  spacing  of  SVs  in  the  six  planes  will  provide  at  least  five  SVs  in  view  above 
the  horiaon  at  any  location  worldwide.  SVs  below  five  degrees  elevation  are  generally 
considered  unusable  due  to  the  significant  path  delay  and  atmospheric  attenuation. 
Only  four  of  the  five  visible  SVs  are  required  for  an  accurate  position  fix;  three 
satellites  axe  used  to  determine  three-dimensional  position  and  the  fourth  provides 
time  information. 

The  SVs  transmit  on  two  L-band  frequencies,  LI  and  L2.  LI  (1575.42  MHs) 
broadcasts  a  P-code  and  C/A-code  signal,  while  L2  (1227.6  MHs)  transmits  P- 
code  only.  Only  one  of  these  frequencies  is  necessary  for  P-code  reception,  but 
dual-frequency  use  yields  high  accuracy  results  by  detecting  and  compensating  for 
ionospheric  delay  errors. 

The  initial  RDT&E  constellation  consisted  of  Block  1  SVs  built  by  Rockwell; 
ten  reached  orbit  between  1978  and  1985  aboard  the  Atlas-Centaur  and  three  are 
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still  operational  and  may  triple  their  five-year  design  life  (11:44).  Experience  from 
Block  I  testing  led  to  improved  SV  subsystem  design  in  the  30-SV  Block  II  buy,  of 
which  22  SVs  have  been  delivered  and  are  currently  on  orbit.  Future  plans  include 
the  delivery  of  20  additional  Block  UR  SVs,  slated  for  launch  beginning  in  1995. 

S.1.2  Control  (Ground)  Segment.  The  GPS  Control  Segment  is  composed 
of  a  master  control  station,  various  S-band  command  antennas,  and  signal  monitoring 
stations.  Maintenance  of  the  GPS  constellation  requires  at  least  one  master  control 
station,  one  command  antenna,  and  one  signal  monitoring  station  (11:62). 

The  master  control  station  (MCS),  which  provides  computational  support  for 
the  entire  control  system,  is  operated  by  AFSPACEGOM’s  2nd  Satellite  Control 
Squadron  located  at  Fhlcon  AFB,  CO.  Currently,  only  the  MCS  can  maintain  the 
GPS  system  navigation  accuracy;  the  MCS  computes  daily  housekeeping  and  star 
tionkeeping  commands  for  the  SVs.  The  MCS  also  prepares  an  updated  navigation 
message  for  each  SV,  including  a  detailed  almanac  containing  the  ephemeris  and 
health  (operational)  status  for  each  on-orbit  SV.  This  navigation  message  is  imbed¬ 
ded  (via  Modulo-2  addition)  in  the  P-  or  C/A-code  SV  signal  for  use  by  any  GPS 
receiver.  Plans  for  the  construction  of  a  redundant  MCS  and  the  autonomous  abil¬ 
ity  of  Block  UR  SVs  to  maintain  their  orbital  systems  and  navigation  messages  via 
satellite  crosslinks  will  reduce  dependence  on  the  MCS. 

Three  unmanned  command  antennas,  under  the  control  of  the  MCS,  are  located 
at  Kwajalein  Atoll,  Ascension  Island,  and  Diego  Garda.  These  facilities  provide  MCS 
access  to  the  entire  GPS  constellation  via  an  S-band  uplink.  Only  one  antenna  is 
required  to  maintain  the  entire  GPS  system.  If  necessary,  a  non-dedicated  antenna 
is  available  at  Cape  Canaveral  AFS,  FL. 

In  addition  to  the  MCS  and  ground  antennas  there  are  five  monitoring  stations, 
located  at  Oahu,  HI;  Falcon  AFB,  CO;  Kwajalein  Atoll;  Ascension  Island;  and  Diego 
Garda.  These  locations  monitor  the  raw  50  Hz  S  V  navigation  messages  and  status  of 
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onboard  systems  (or  SV  health).  Currently,  the  navigation  messages  are  continuously 
monitored  and  relayed  to  the  MCS  where  new  uploads  are  prepared  for  ground 
antenna  transmission  to  the  satellites  every  24  hours.  The  health  status  for  each 
satellite  is  determined  by  the  MCS  and  uploaded  via  ground  antennas  two  to  three 
times  daily,  for  subsequent  inclusion  in  the  GPS  navigation  messages. 

If  the  required  combination  of  master  control  system,  command  uplink  antenna, 
and  monitoring  station  were  not  available,  the  first  effect  on  the  GPS  space  system 
would  be  degraded  onboard  accuracy  within  48  hours.  Civilian  user  equipment  is 
designed  to  rely  on  the  satellite’s  self-reported  time  and  ephemeris  data  to  complete  a 
position  fix,  and  would  be  unable  to  correct  for  the  errors.  Military  user  equipment 
should  not  lose  accuracy  for  about  14  days,  as  the  user  hardware  includes  better 
clocks  and  the  ability  to  detect  and  correct  satellite  errors.  This  system  performance 
characteristic  is  known  as  ’graceful  degradation.’  The  more  autonomous  Block  HR 
satellites  will  be  able  to  maintain  onboard  full  accuracy  for  at  least  180  days  after 
loss  of  the  MCS,  retaining  full  accuracy  for  both  civilian  and  military  users  (19). 

The  second  effect  from  continued  lack  of  uploads  to  the  satellites  is  the  degra¬ 
dation  of  satellite  health  and,  ultimately,  the  loss  of  satellite  availability.  These 
effects  occur  long  after  accuracy  has  begun  to  degrade,  and  impact  all  users. 

S.l.S  User  Segment.  The  user  segment  of  the  GPS  system  is  the  user 
equipment  that  provides  navigation  information  derived  from  the  GPS  SV  signals. 
This  segment  contains  a  widely  assorted  array  of  equipment  for  military  and  civilian 
purposes,  but  all  user  architectures  have  some  fundamental  components  in  common. 
All  must  have  an  L-band  reception  antenna,  a  phase-modulation  receiver  (to  track 
the  GPS  C/A-  or  P-code  signals),  and  a  data  processor  to  calculate  position  and 
time  information  from  a  minimum  of  four  available  SVs. 
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g.t  Meaawrts  of  Performance  for  the  GPS  System 

The  GPS  system  performaace  is  usually  quantified  by  a  measure  of  the  navi¬ 
gation  accuracy  obtained  from  the  user’s  GPS  receiver.  The  navigation  accuracy  is 
predicted  at  a  specific  time  by  using  a  dilution  of  precision  (DOP)  algorithm,  and 
the  time-  and  location-averaged  satellite  availability  is  the  basis  for  a  constellation 
value  measure. 

2.2.1  Dilution  of  Precision.  As  the  system  is  degraded,  the  resultant  GPS 
accuracy  is  also  reduced.  Navigation  accuracy  is  a  function  of  two  variables:  the 
user  range  error  to  a  single  satellite,  and  the  dilution  of  precision  resulting  from 
satellite  geometry  relative  to  the  receivm.  User  equivalent  range  error  (UERE), 
measured  in  meters,  is  associated  with  the  satellite  signal  stability  and  quality  of  the 
receiving  equipment,  but  it  can  be  assumed  constant  for  a  specific  receiver.  DOP  is 
a  unitless  parameter  used  to  quantify  and  compare  the  user’s  location  uncertainty 
as  a  consequence  of  SV  location  relative  to  the  user’s  position;  DOP  varies  over  time 
as  the  SVs  and  user  move.  The  DOP  can  be  easily  predicted  and  the  set  of  four 
SVs  with  the  lowest  DOP  are  selected  for  each  navigation  computation.  One-sigma 
GPS  accuracy  is  equal  to  the  UERE  times  the  position  (or  three-dimensional)  DOP 
(PDOP)  for  a  specific  location  and  time. 

Although  DOP  can  be  predicted  throughout  its  variations,  the  effect  of  DOP 
on  weapons  or  navigation  accuracy  can  be  minimized  by  conducting  critical  missions 
during  periods  of  the  lowest  daily  DOP  and  the  restdting  higher  accuracy.  The  higher 
average  DOP  values  that  accompany  a  severely  reduced  constellation  will,  however, 
result  in  degraded  GPS  navigation  performance.  This  effect  will  be  more  thoroughly 
discussed  in  Chapter  III. 

2.2.2  Constellation  Value.  DOP  varies  with  the  number  of  available  SVs 
and  the  time  and  location  of  observation.  Because  these  variables  are  uncertain  for 
possible  military  campaigns,  it  is  difficult  to  predict  future  GPS  accuracy  results. 
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Figoie  3.  PPS  Gonstdlaiioii  Value  vs  Number  of  SVs 

(11:67) 

However,  a  useful  forecast  of  system  performance  can  be  obtained  from  constellation 
value. 

The  constellation  value  is  the  fraction  of  all  possible  times  and  locations  within 
the  geographic  region  of  interest  that  have  four  SVs  with  a  DOP  that  provides  ac¬ 
curate  navigation  information  (11:66).  The  constellation  value  can  be  computed  for 
the  SPS,  PPS,  2-dimensional,  and  3-dimensional  cases.  The  GPS  user  community’s 
arbitrary  definition  of  ‘sufiicient  DOP’  is  a  3-dimensional  PDOP  less  than  or  equal 
to  6.0,  and  a  2-dimensi<Hial  horisontal  DOP  (HDOP)  less  than  or  equal  to  4.0.  Al¬ 
though  these  values  do  not  correspond  to  the  GPS  accuracy  specification  thresholds 
as  seen  in  Table  2,  they  have  become  widely  accepted  as  a  minimum  threshold  for 
accurate  GPS  navigation  (11:64). 

A  constellation  value  of  less  than  1.000  indicates  that  some  global  locations 
experience  periods  of  poor  DOP  or  fewer  than  four  SVs  in  view.  As  shown  in  Figure  3, 
the  Optimal-21  constellation  (a  predecessor  to  the  current  24  SV  configuration) 
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Tkble  2.  Comparison  of  DOP  Thmkolds  to  PPS  GPS  Accuracy 


DOP 

PPS  UERE 

Derived  Accuracy 

PPS  Specification 

6.0  PDOP 

7m 

38m  SEP 

16m  SEP 

4.0  HDOP 

7m 

23m  CEP 

8m  CEP 

yielded  a  PPS  S-dimeusional  constellation  value  of  0.9999.  Any  SV  losses  that  reduce 
the  number  of  functional  SVs  below  the  baseline  21  cause  the  lower  bound  of  possible 
constellation  values  to  also  drop.  The  24  SV  constellation  behaves  similarly. 

Together,  the  DOP  forecast  and  constellation  value  provide  a  straightforward 
means  to  quantify  the  availability  of  the  GPS  SVs  and  the  system  accuracy  for  large 
scenarios. 


2.2. S  Corutellation  Size.  The  size  of  the  GPS  constellation  is  a  function  of 
successful  constellation  build-up  launches,  satellite  failures,  and  successful  replace¬ 
ment  of  the  failed  SVs.  The  constellation  size  at  any  time  can  be  forecast  using  one 
of  several  models.  Although  AFSPAGECOM  uses  the  Operational  Satellite  Con¬ 
stellation  Availability  and  Reliability  Simulation  (OSCARS)  and  the  GPS  JPO  uses 
the  General  Availability  Program  (GAP),  AFSAA  uses  the  IRIS  model  developed 
by  ANSER  Corporation  for  SAF/AQ.  Because  AFSAA  utilizes  IRIS  exclusively,  the 
IRIS  model  was  selected  for  this  research. 

IRIS  is  a  Monte  Carlo  simulation  of  SV  failures  over  time  (15).  Given  a  cur¬ 
rent  on-orbit  inventory,  launch  inventory,  and  replacement  schedule,  IRIS  uses  a 
Rayleigh-truncated  Weibull  or  combined  Weibull  and  Normal  distribution  to  predict 
satellite  failures  (Table  3).  The  mean  mission  duration,  Weibull  shape  and  scale 
parameters,  and  maximum  lifetimes  are  based  on  observed  data.  IRIS  also  accom¬ 
modates  spacecraft  reliability^ ,  launch  vehicle  reliability,  and  laimch  pad  constraints 

^Spacecraft  reliability  is  the  probability  the  satellite  will  initialise  and  properly  function  upon 
reaching  orbit. 
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'nibfe  3.  Satdlite  Rdimbility  Parametm 


Parameter 

BLOCK  HA 

BLOCK  IIR 

Weibull  Alpha 

1  138.6 

193.0 

WeibullBeU 

1.34 

Max  Life  (months) 

1  120 

Normal  Mean 

120 

Normal  Std  Dev 

12 

12 

in  determining  the  mifiitnmn  time  between  routine  laonchet  and  minimum  time  to 
recover  from  failed  launch  attempts.  For  thu  simulation,  the  IRIS  input  parameters 
in  Table  4  were  obtained  from  an  AFSPAGECOM/DRF  baseline  for  GPS  simulation 
(14).  The  use  of  this  baseline  ensured  that  the  simulation  was  comparable  to  existing 
GPS  constellation  size  forecasts.  The  IRIS  mmnlation  consisted  of  100  independent 
runs. 

Two  satellite  configurations  were  modeled  in  IRIS,  the  Block  HA  and  the  Block 
IIR  SVs.  Thus,  any  Block  I  SVs  still  in  operational  status  are  not  contributing  to 
the  IRIS  constellation  forecast. 

2.S  Identifying  ike  Campaign  Contribvtion  of  Space  Systenu 

Before  any  military  system  can  be  modeled,  measures  of  effectiveness  and  out¬ 
come  must  be  identified.  For  the  modeling  of  space  systems,  previous  analysis  pro¬ 
vided  results  useful  to  this  research. 

2.S.1  Measure  of  Oatcome  Selection.  The  identification  of  an  appropriate 
measure  of  outcome  (MOO)  for  the  contribution  of  space  systems  to  campaigns  has 
received  significant  attention  in  recent  years.  Lt  Gen  Glenn  A.  Kent  (USAF,  Ret) 
of  the  RAND  Corporation  proposed  the  use  of  time  to  achieve  campaign  objectives 
as  the  most  useful  measure  of  combat  outcome  (16).  For  the  air-to-ground  cam¬ 
paign  scenario,  the  selected  MOO  for  this  research  is  the  number  of  targets  killed  or 
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Ikble  4.  Baseline  IRIS  Input  Parameters 


RUN  PARAMETERS 

Space  System  Name 

GPS 

Number  of  IVials 

100 

Spacecraft  Reliability 

0.99 

Launch  Vehicle  Reliability 

0.95 

Number  of  Launch  Pads 

1 

Pad  Tum-Around  Delay  (months) 

2 

Launch  Delay  on  Spacecraft  Failure  (months) 

3 

Launch  Delay  on  Vehicle  F^ure  (months) 

3 

Spacecraft  Call-up  Delay  Time  (months) 

3 

Initial  Date 

SEP  1993 

Number  of  Spacecraft  in  Constdlation 

24 

Number  of  Spacecraft  to  be  Launched 

26 

Number  of  Configurations 

2 

Spacecraft  Availability  Constraints 

Y 

Random  Number  Seed 

15234 

destroyed  over  30  days.  A  key  assumption  was  that  if  sniBicient  targets  were  killed 
quickly,  the  campaign  could  accelerate  and  minimize  exposure  to  enemy  threats  and 
subsequent  force  losses.^ 

S.S.S  Measures  of  Effectiveness  Sekction.  After  identifying  the  time  to 
achieve  campaign  objectives  as  the  MOO  best  representing  the  real  contribution  of 
space  in  air  combat,  the  next  step  is  to  identify  i^pediic  engagement  measures  of 
effectiveness  (MOEs)  that  represent  the  influence  of  space  systems. 


noteworthy  example  used  by  Gen  Kent  was  the  extensive  use  of  time  estimates  in  planning 
the  Desert  Storm  campaign.  According  to  Gen  Kent,  a  primary  concern  of  Gen  Schwartskopf's 
was  the  time  required  to  achieve  campaign  objectives.  He  was  not  as  interested  in  the  quantities 
of  sorties,  aircraft  or  munitions  required  to  support  the  campaign;  he  pinned  then-Lt  Gen  Charles 
Homer,  Air  Component  Commander,  and  then-Brig  Gen  Buster  Glossen,  Director  of  Campaign 
Plans  and  Commander  of  the  14th  Air  Division  (Provuional),  to  provide  best  estimates  of  the  time 
it  would  take  to  achieve  specific  campaign  objectives  in  the  air  war.  At  issue  was  the  planned  start 
of  the  ground  war,  which,  to  minimise  allied  losses,  was  contingent  upon  achieving  an  extraordinary 
imbalance  of  forces  and  destroying  the  enemy’s  will  to  fight  through  the  use  of  w  power. 
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A  study  by  AFSPACECOM/GNP  in  1992  identified  a  potential  approach  to 
evaluating  these  MOEs  (22).  Strategy-to-task  ideas  proposed  by  RAND  (24)  and  in 
use  at  Air  Combat  Command  were  discussed  by  AFSPACECOM  as  a  means  to  define 
the  actual  tasks  that  should  be  measured  in  the  analysis  of  space  systems’  combat 
contributions.  The  authors  suggested  a  flow-down  of  specific  strategies  through  Air 
Force  mission  areas  and  tasks,  but  they  did  not  complete  the  MOE  identification  in 
their  research. 

The  MOE  identification  can,  however,  be  facilitated  by  the  decision  analysis 
value  tree  technique.  A  value  tree  is  a  useful  tool  in  situations  where  a  decision 
influences  multiple  objectives  (6:433).  The  construction  of  the  tree  helps  the  analyst 
identify  the  most  basic  objectives  that  are  affected  by  the  decision  and  the  objectives’ 
respective  attributes  (MOEs)  that  can  be  measured,  weighted,  and  scored. 

Previous  research  by  RAND  (2)  described  the  primary  air  combat  objectives 
enhanced  by  the  use  of  GPS  systems  in  a  theater-level  campaign  Each  of  these  fun¬ 
damental  objectives  could  be  reduced  to  more  specific,  detailed  objectives  to  help 
identify  their  respective  operational  attributes.  The  use  of  the  value  tree  technique 
highlighted  the  attributes  that  could  be  used  as  ‘hooks’  in  a  campaign  model  to  de¬ 
termine  the  influence  of  GPS  on  combat  outcome.  This  breakout  is  readily  observed 
in  the  value  tree  shown  in  Figure  4. 

The  fundamental  objectives  enhanced  by  GPS  navigation  are  the  improvement 
of  self  location  accuracy,  target  location  accuracy,  and  the  increased  use  of  standoff 
launch  tactics  and  munitions.  These  improvements  are  more  specifically  described 
by  evaluating  more  detailed  objectives  and  measuring  their  specific  attributes. 

Improved  self  location  accuracy  with  GPS  results  in  improved  navigation  abil¬ 
ity  and  a  possibly  reduced  incidence  of  fratricide.  The  most  significant  contributors 
for  the  air-to-ground  interdiction  mission  are  the  improved  ability  to  navigate,  mea¬ 
sured  by  an  increased  probability  of  correctly  self-locating,  increasing  survivability. 
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Figure  4.  Value  Tree  for  GPS  Assets  Used  in  Air-to-Ground  Campaign 

and,  ultimately,  sortie  rates.  For  GPS-aided  weapons,  the  probability  of  kill  is  also 
increased  over  inertially-guided  systems. 

The  improved  target  location  accuracy  afforded  by  GPS  increases  the  num¬ 
ber  of  platforms  available  to  provide  accurate  target  location  data  by  eliminating 
the  observer’s  self  location  uncertainty.  With  more  sensors  providing  more  accurate 
target  data,  critical  targets  have  a  higher  probability  of  being  engaged.  The  faster 
production  of  target  location  data  is  realized  by  the  elimination  of  conflicting  co¬ 
ordinate  systems  and  attendant  uncertainty,  increasing  the  likelihood  of  engaging 
time-sensitive  targets.  In  addition,  the  increased  certainty  of  target  locations  results 
in  increased  sortie  lethality  by  requiring  fewer  weapons  and  threat  exposures  per 
target,  since  multiple-ship  flights  are  the  traditional  hedge  against  target  location 
uncertainty. 


The  use  of  GPS  navigation  also  improves  the  ability  to  use  standoff  wei^wns 
and  tactics.  The  most  significant  benefit  of  standoff  use  is  the  reduced  vulnera' 
bility  to  enemy  threats,  which  increases  the  platform  survivability  and  subsequent 
sortie  rates.  The  availability  of  less  expensive  'smart*  GPS  munitions  also  results 
in  higher  proportions  of  smart  munitions  in  the  overall  air-to-ground  weapons  mix. 
A  secondary  benefit  of  standoff  use  is  the  decreased  range  to  engage  targets  and 
the  shorter  sortie  turn  times,  but  in  relatively  small  theaters,  these  increases  are 
minimal. 

AUempis  at  Modeling  the  Campaign  Contribution  of  GPS 

The  Analytical  Sciences  Corporation  (TASC)  and  the  RAND  Corporation  have 
developed  methodologies  to  analyze  the  specific  contributions  of  the  GPS  system. 
Two  of  their  models  are  discussed  in  this  section. 

2.4’ 1  TASCFORM-SPACE.  In  1991  TASC  published  a  summary  of  their 
first  attempt  to  model  the  campaign  contribution  of  GPS  (23).  The  TASCFORM- 
SPACE  model  identified  three  major  factors  influencing  the  contribution  of  GPS: 
the  accuracy,  the  availability,  and  the  survivability  of  the  GPS  system  as  shown  in 
Figure  5.  The  survivability  of  the  system  was  decomposed  into  three  areas:  signal, 
constellation,  and  ground  segment  survivability. 

TASC  used  these  three  factors  in  a  multiplicative  function  to  produce  a  static 
MOE  for  a  given  campaign  scenario,  assuming  the  independence  of  each  factor. 
The  three  factors  were  weighted  and  a  unitless  MOE  obtained  for  any  combination 
of  contributing  values.  This  treatment  did  not  represent  the  actual  behavior  and 
interaction  of  the  three  contributors,  which  was  outlined  earlier  in  this  chapter. 
This  model  is  currently  being  reworked  by  TASC,  but  results  were  unavailable  for 
review. 
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Figure  5.  Influence  Diagram  Representing  TASC’s  Algorithm. 

£.4-S  RAND'a  Theater  Level  Conflict  (TLC)  Model  Current  research  by 
the  RAND  corporation  for  their  Theater  Level  Conflict  (TLC)  model  includes  thor¬ 
ough  treatment  of  GPS  influences  on  air  campaign  tasks  and  their  respective  MOEs 
(2).  While  there  are  many  large  scale  theater  warfare  simulations  available  to  the 
analyst,  TLC  wiU  be  one  of  the  first  to  model  the  effects  of  GPS.  RAND’s  work 
in  identifying  the  fundamental  and  secondary  benefits  of  GPS  navigation  is  very  in¬ 
sightful,  and  was  used  in  this  thesis’  model  development  as  described  in  Section  2.3.2. 
The  completed  TLC  model  is  projected  to  be  available  sometime  in  1994. 

With  both  TASCFORM-SPACE  and  TLC  unavailable  for  this  research,  the 
requirement  for  the  formulation  of  a  GPS  campaign  contribution  methodology  re¬ 
mained. 

2.5  GPS  System  AaaumpUons 

As  a  result  of  this  discussion  of  the  GPS  system,  several  important  assumptions 
can  be  made.  They  will  aid  in  the  formulation  of  the  GPS  model  in  Chapter  III. 
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1.  For  the  asseMment  of  ground  segment  survivability,  the  limited  threat  to  the 
CONUS-based  MCS  is  assumed  not  to  impact  military  user  accuracy  during  a 
short  (30  day)  campaign.  While  the  civilian  (C/A-code)  user  would  expoience 
a  degradation  in  24-48  hours,  the  P-code  military  user  can  obtain  accurate 
navigation  for  at  least  two  weeks.  The  modeled  scenario  is  expected  to  occur 
in  1995  or  later,  when  the  autonomous  Block  HR  SVs  bogin  populating  the 
constellation  and  the  MGS  is  less  critical  to  short-term  system  performance. 

2.  The  GPS  space  segment  has  limited  nuclear  and  directed-energy  hardening, 
a  large  numerical  constellation  sixe,  and  wide  spatial  separation.  These  at¬ 
tributes  provide  a  hedge  against  the  effects  of  limited  anti-satellite  (AS AT)  at¬ 
tacks.  Thus,  the  GPS  constellation  can  be  assumev.  to  survive  short-duration 
Southwest  and  Northeast  Asia  (SWA  and  NEA)  scenarios  (18). 

3.  GPS  system  availability  is  accurately  modeled  by  the  constellation  value  met¬ 
ric.  GPS  availability  can  be  predicted  to  the  second,  but  the  high  resolu¬ 
tion  is  not  required  for  a  high-level  campaign  model.  Constellation  value,  by 
time-averaging  DOP  over  a  geographic  region,  provides  ample  fidelity  for  this 
simulation. 

4.  Short-term  degraded  DOP  can  be  avoided,  and  its  impact  on  GPS  accuracy  will 
be  negligible  through  a  short  campaign.  While  SV  attrition  causes  significant 
DOP  increases  for  short  intervals,  the  increases  are  predictable,  localized,  and 
potentially  avoidable  by  careful  mission  planning. 
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III.  GPS  Tactical  Air  Combat  Simulation  Model  (TACSIM) 

This  chapter  presents  a  method  to  model  GPS  availability  and  its  contribution 
to  the  warfighter.  The  GPS  l^tical  Air  Combat  Simulation  (TACSIM)  model 
was  developed  to  assess  GPS  system  performance  and  campaign  outcome;  it  is  a 
combination  of  two  smaller  models  simulating: 

•  GPS  accuracy  available  to  combatants. 

•  Air-to-ground  combat  conducted  with  and  without  GPS. 

S.l  GPS  Accuracy  AvaHahU  to  Comhatanta 

The  major  effort  of  this  research  was  the  modding  of  the  interaction  between 
the  GPS  system  and  the  campaign.  An  influence  diagram  (Figure  6)  was  used  to 
identify  the  major  variables  driving  the  GPS  system  performance  and  the  resultant 
accuracy  available  to  the  GPS  user. 


Figure  6.  Influence  Diagram  Representing  GPS  System  Performance 
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S.i.l  Scenario.  The  fint  node  repieaenta  the  scenario  event;  the  scenarios 
were  fimited  to  SWA  and  NEA.  These  two  scenarios  were  d  hif^iest  interest  to 
APS  A  A  analysts  (18). 

S.l.t  Location.  Previous  GPS  availahiHty  studies  by  Aderludd  (1)  and 
Thomin  (25)  revealed  some  dependence  of  GPS  system  availability  on  location,  es¬ 
pecially  as  the  constellation  is  reduced  by  attrition.  Acoordin^y,  the  thnter  deter¬ 
mines  the  geographic  boundaries  of  the  campaign,  as  outlined  in  Ikble  5.  Par  ease 
of  computation,  the  boundaries  were  defined  as  a  rectangular  area  large  enough  to 
cover  the  respective  theater. 


Table  5.  Location  Boundaries  for  Theater  Scenarios 


THEATER 

Maximnin 

Latitude 

Minimum 

Latitude 

Minimum 

Loufptude 

Maximum 

Lonptude 

SWA 

40N 

30N 

40E 

50E 

NEA 

40N 

3SN 

120E 

130E 

S.l.S  Signal  SunnvaHklg.  This  node  represents  the  event  that  the  GPS 
signal  survives  the  electromagnetic  environment  and  is  received  by  the  intended  user. 
But  in  some  scenarios,  the  signal  could  be  jammed  or  spoofed  by  enemy  emitters. 
The  spread-spectrum  GPS  PPS  signal  is  below  ambient  RF  noise  levd  at  about  -163 
dBW,  but  can  be  tracked  as  long  as  hostile  jammer  signals  are  less  than  41  dB  above 
the  GPS  signal  level  (11:40,74). 

The  actual  enemy  jamming  threat  is  uncertain,  but  future  scenarios  may  in¬ 
clude  some  enemy  effort  to  deny  our  use  of  GPS  signals  in  high-value  regions  or 
target  locations.  The  threat  is  further  complicated  because  the  magnitude  of  the 
GPS  navigation  error  induced  by  the  hostile  jammer  is  unknown;  it  is  a  function  of 
jammer  power  and  platform  INS  drift  rate.  These  variables  are  difficult  to  forecast. 
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The  PPS  GPS  sigiials  can  alao  be  spoofed,  but  the  effect  is  Umited,  stnoe 
anthoriaed  users  can  track  an  alternate,  enorypted  Y-code  that  is  not  spoo&Ue  (11). 
For  this  analysis,  however,  the  jamming  and  spoofing  threat  is  not  characterised  and 
the  node  merely  represents  the  fact  that  GPS  signal  survivability  is  not  certain;  GPS 
signal  survivability  is  assumed  to  approach  1.0  for  both  SWA  and  NEA  scenarios. 

S.I.4  Space  Vehicle  Survivabtlity.  As  explained  in  Section  2.5,  the  GPS 
space  survivability  can  be  assumed  to  approach  1.0  for  the  SWA  and  NEA  scenarios. 

S.J.5  Ground  Segment  Survivability.  The  ground  segment  is  assumed  to 
survive  the  minimal  threats  posed  during  SWA  and  NEA  campaigns,  as  discussed  in 
Section  2.5. 

S.J.6  Constellaiion  Size.  The  constellation  sise  forecast  is  the  node  which 
most  significantly  impacts  GPS  availability  to  the  warfighter.  The  resource  allocation 
decisions  affecting  constellation  sise  are  introduced  through  this  node  using  the  IRIS 
model  output  data.  The  outcome  of  this  node  is  a  probability  distribution  of  the 
number  of  satellites  in  orbit,  as  shown  in  Figure  7.  FNill  operational  capability  of 
the  GPS  constellation  is  scheduled  for  early  1994;  thus  the  probability  distribution 
is  obtained  from  IRIS  for  96  months  beginning  in  March  of  1994.  This  baseline 
distribution  is  for  the  current  inventory  of  Block  II  SVs  and  the  published  schedules 
for  remaining  launches  (14). 

S.1.7  Satellite  AvadaJbHity.  The  satellite  availability  is  a  function  of  user 
location,  time  of  observation,  and  the  orbital  locations  of  the  operating  SVs. 

•  User  location  is  defined  by  the  scenario  of  interest. 

a  The  time  of  observation  is  uncertain,  due  to  unknown  start  and  duration  times 

of  the  campaign.  This  problem  is  overcome  by  using  current  GPS  ephemeris 
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Figoie  7.  Discrete  Probability  Distribution  for  GPS  Constellation  Siae,  96  months 
beginning  in  March  1994 

data  to  compute  PDOP  and  constellation  value,  and  assuming  that  it  repre¬ 
sents  any  future  constellation  within  the  eight  year  planning  horison. 

•  The  orbital  locations  of  the  operating  GPS  SVs  must  be  characterised,  as 
certain  combinations  of  failures  can  impact  some  locations  and  times  more 
severely  than  others. 

S. 1.7.1  SvhopUmtd  (<  24  SV)  CofuiellaUon  ConfiguraHona.  For 
accurate  DOP  predictions,  the  future  constellation  configuration  must  be  accurately 
forecast.  Unfortunately,  the  IRIS  simulations  do  not  identify  specific  SV  failures, 
but  merely  generate  the  expected  number  of  operational  SVs  at  a  future  date. 

In  the  most  thorough  analysis,  the  accuracy  of  DOP  predictions  relies  on  the 
accuracy  of  the  ephemeris  data  and  SV  status  for  the  time  frame  of  interest.  As 
SVs  fail,  they  should  be  removed  &om  the  operational  SV  list,  and  the  fourth  SV  in 
each  plane  will  likely  be  maneuvered  to  minimise  the  impact  of  the  failure  to  DoD 
users.  In  some  cases,  the  failed  SVs  will  have  negligible  impact  to  the  observer’s 
DOP.  In  more  severe  cases,  such  as  multiple  fulures  in  adjacent  planes,  the  DOP 
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IVibk  6.  SV  Availability  Degradation  Due  to  SV  Attrition  (18  SV  Constellation) 


SV  Failures 

Beat  CV 

Wont  CV 

0 

0.9945 

0.9945 

1 

0.9770 

0.9768 

2 

0.9522 

0.9200 

3 

0.9220 

0.8416 

will  be  significantly  degraded.  Thomin’s  data,  as  shown  in  Thble  6,  demonstrate  that 
for  a  random  selection  of  failures  in  the  one-,  two-,  and  three-£ailed-SV  cases,  the 
PDOP-dependent  constellation  value  (CV)  varies  significantly  (25:34).  The  range  of 
values  for  each  failure  scenario  may  be  wider  than  the  data  indicate  if  all  the  possible 
failure  combinations  are  considered. 

While  the  data  in  Table  6  and  Figure  3  were  generated  for  a  preliminary  (18 
SV)  constellation,  it  does  demonstrate  DOP  sensitivity  to  specific  combinations  of 
SV  fidluies.  The  computation  of  DOP  values  for  each  failure  combination  requires 
manipulation  of  the  GPS  constellation  almanac,  or  satellite  ephemeris  file,  to  delete 
the  failed  SVs.  For  one  SV  failure,  this  is  a  manageable  effort.  But  for  two  or 
more  SV  failures,  the  problem  becomes  difficult  due  to  the  number  of  combinations 
involved. 

This  exhaustive  analysis  was  not  p^ormed  for  the  TACSIM  model;  instead, 
the  PDOP  values  were  computed  for  30  random  combinations  of  SV  failures  in  each 
likely  failure  scenario.  Based  on  the  data  in  Figure  7,  there  is  only  a  1%  cumulative 
probability  of  experiencing  7  or  more  simultaneous  SV  failures;  therefore,  the  analysis 
was  only  performed  for  cases  of  six  or  fewer  failures. 

To  accomplish  this  analysis,  a  PDOP  calculation  program  was  developed  by 
Lieutenant  Colonel  T.S.  Kelso  at  AFIT/ENS.  The  PDOP  computations  for  each 
failure  combination  were  performed  in  one-minute  time  steps  over  24  hours^  in  both 

^PDOP  computations  wen  perfonned  for  the  period  0000  UTC  1  Nov  to  0000  UTC  2  Nov  1993. 
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'nible  7.  Gonstdlation  Value  (CV)  Results  for  30  Random  Samples 


NEA 

Min 

Mean 

Est  Error 
from  Mean 

1.000 

0.958 

0.997 

mmsm 

0.955 

|||£^2I 

0.004 

0.885 

0.975 

0.010 

0.887 

0.967 

0.829 

0.936 

0.014 

0.795 

0.897 

0.017 

SWA 

SVs  Deleted 

Min 

Mean 

Est  Error 
from  Mean 

1  1 

1.000 

1.000 

1 

0.976 

0.999 

2 

0.976 

0.999 

0.001 

3 

0.911 

0.984 

0.007 

4 

0.869 

0.975 

0.008 

5 

0.845 

0.945 

0.013 

6 

0.798 

0.918 

0.015 

the  SWA  and  NEA  theaters  at  one-degree  intervak  of  longitude  and  latitude.  The 
current  inventory  of  23  Block  II  SVs  was  used  along  with  one  Block  I  (SVN  11)  to 
represent  a  full  constellation. 


S.1.8  GPS  Accuracy.  Variations  in  GPS  system  accuracy  can  be  approxi¬ 
mated  by  comparing  CV  values;  when  SV  attrition  causes  CV  values  to  decrease,  a 
higher  proportion  of  GPS  users  will  experience  degraded  navigation  accuracy.  This 
characteristic  is  used  to  tie  the  GPS  system  model  to  the  air  combat  model. 

For  each  of  the  348  PDOP  runs’,  the  fraction  of  24  hours  that  experienced 
PDOP  <  6.0  was  calculated  at  each  location  step  (one-degree  of  latitude/longitude), 
and  the  mean  CV  for  the  theater  area  computed.  As  seen  in  Table  7,  the  sample 
means  remain  above  0.89  even  when  6  SVs  are  removed,  and  the  maximum  CV  value 
for  all  cases  is  1.00.  The  estimated  errors  from  the  true  population  means  range  £rom 
0.001  to  0.017,  suggesting  that  the  sample  size  of  30  is  adequate  to  model  the  mean 
CV  for  each  scenario.  A  detailed  description  of  the  CV  computation  process  is 
included  in  Appendix  A. 

’For  the  SWA  theater,  24  runs  were  conducted  for  the  1  SV  failure  case  and  30  runs  for  each  of 
2  through  6  C^ure  cases.  The  analysis  was  repeated  for  NEA  theater. 
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The  acpected  GV  is  obtained  by  mnltiplying  the  average  anutdlatkm  value 
Ibr  each  constellation  siae  by  the  probability  of  the  constellation  being  that  siae. 

14 

E  [  Constellation  Value  (CV)]  =  x  P(x  =  »)] 

where  x  is  the  number  of  SVs.  Only  the  cases  of  t  =  0, . . . ,  6  hulures  were  used,  with 
a  maximum  possible  sum  of  0.992  (due  to  not  sampling  the  lower  tail  combinations 
of  seven  or  more  SV  failures).  The  expected  GVs  are  0.985  and  0.980  for  the  SWA 
and  NEA  theaters,  respectively.  Based  on  these  results,  there  is  no  need  to  continue 
to  treat  the  theaters  separately  in  the  combat  outcome  model.^ 

The  computation  of  the  expected  constellation  value  for  a  given  constellation 
siae  completes  the  GPS  system  portion  of  the  model  as  depicted  in  Figure  6. 

S.2  TacUcal  Air  Comhai  Simulation  Model  (TACSIM)  Development 

The  remainder  of  the  GPS  combat  contribution  model  simulates  an  air-to- 
ground  campaign,  represented  by  the  GPS  combat  contribution  influence  diagram 
in  Figure  8.  The  interdependencies  of  the  nodes  represent  the  complex  effects  of 
improved  navigation  with  GPS. 

Using  the  influence  diagram  constructed  from  the  GPS  value  tree,  a  deter¬ 
ministic  simulation  spreadsheet  model  was  developed  to  simulate  the  effect  of  GPS 
navigation  in  air-to-ground  combat.  The  simulation  was  run  for  two  cases:  GPS  used 
for  navigation,  weapons  guidance,  and  delivery;  and  a  campaign  conducted  without 
the  aid  of  GPS. 

The  model  simulates  a  wing  of  72  similar  aircraft,  each  capable  of  two  sorties 
per  day  and  carrying  two  weapons  per  sortie.  The  target  set  is  unlimited.  The 

^Sensitivity  analyris,  described  in  Section  4.3,  verified  only  minor  sensitivity  of  combat  out¬ 
come  to  small  changes  in  CV.  Thus,  the  delta  between  theater  E[CV]’s  was  within  our  range  of 
indifference. 
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Figaie  8.  GPS  TACSIM  Influence  Diagram 


simulation  runs  for  30  csonpaign  days  and  statistics  are  collected  on  the  total  number 
of  targets  killed,  mean  number  of  targets  killed  per  day,  and  the  cumulative  attrition 
of  aircraft.  The  probabilities  for  node  outcomes  and  their  underlying  assumptions 
are  discussed  in  the  following  sections. 

5.2.1  Deciaion  to  Uae  GPS.  The  decision  node  is  defined  as  the  choice  to 
use  GPS  for  navigation  and  weapons  guidance.  If  GPS  is  chosen,  all  72  aircraft  are 
assumed  capable  of  GPS  navigation  and  predsion-gnided  munitions  (PGM)  delivery. 

5.2.2  Self  LocaUon  Accuracy.  This  node  reflects  the  increased  accuracy  of 
navigation  with  GPS  receivers  and  is  a  function  of  both  the  decision  to  use  GPS  and 
the  constellation  value.  The  outcomes  of  this  event  are  defined  as  three  accuracy 
classes:  ‘Efigh’  self  location  accuracy  with  a  circular  error  probable  (CEP)  of  less 
than  100  meters,  ‘Medium’  accuracy  with  CEPs  ranging  from  100  to  1000  meters. 


Table  8.  Self  Location  Accuracy  Distributions 


Self  Location 
Accuracy 

Low 

CEP  >  lOOOm 

Medium 

100m  <  CEP  <  1000m 

High 

CEP  <  100m 

GPS 

0.2x(l-0.98xCV) 

0.8  X  (1  -  0.98xCV) 

0.98  xCV 

No  GPS 

0.15 

0.80 

0.05 

and  ‘Low’  accuracy  with  CEPs  greater  than  1000  meters,  as  shown  in  'Dible  8. 
The  probability  of  the  sortie’s  self-determined  location  having  a  CEP  less  than  100 
meters  from  true  location  was  subjectively  assessed  as  0.98xCV  for  a  best-case  GPS 
navigation  system  versus  0.05  for  an  INS-only  system.  The  high  probability  of  a 
military  P-code  GPS  receiver  self-locating  to  within  100  meters  of  true  location  is 
based  upon  the  GPS  available  position  accuracy  of  8  meters  CEP;  the  probability 
is  reduced  slightly  to  allow  for  equipment  malfunction.  For  the  no-GPS  case,  the 
lower  probability  of  high  accuracy  self  location  reflects  the  fact  that  INS  drifts  at 
the  rate  of  the  square  of  time  of  flight  (9);  even  the  ring-laser  gyroscopes  in  the 
F-15E  Strike  Eagle  have  a  drift  rate  of  tens  of  feet  per  hour  and  certainly  benefit 
from  GPS  position  updates  throughout  the  mission  and  immediately  prior  to  target 
engagement  (21). 

S.S.S  Target  Location  Accuracy.  Target  location  accuracy  is  the  node  that 
represents  target  accuracy  CEP  as  provided  to  the  aircrew  or  the  weapon  itself.  The 
very  high  dependence  of  target  engagement  and  kiU  on  accurate  target  location  data, 
especially  for  PGM  and  the  Joint  Direct  Attack  Munition  (JDAM-1)  (9,  5),  requires 
these  bounds  to  be  tighter  than  those  for  self  location.  The  target  CEP  probabilities 
are  again  subjectively  assessed  for  the  GPS  and  no-GPS  cases,  and  listed  in  Table  9. 
Because  of  the  magnitude  of  errors  induced  by  remote  sensors  and  the  lower  target 
coordinate  CEPs  required,  the  GPS  target  location  probabilities  are  lower  than  for 
GPS  self  location. 


28 


l^ble  9.  'ntfget  Location  Accuracy  Distributions 


Target  Location 
Accuracy 

Low 

CEP  >  100m 

Medium 

10m  <  CEP  <  100m 

High 

CEP  <  10m 

GPS 

0.5  X  (1  -  0.70xCV) 

0.5  X  (1  -  0.70xCV) 

0.70  xCV 

No  GPS 

0.15 

0.80 

0.05 

5.2.4  Uae  of  Standoff  Weapons  and  Tactics.  The  definition  of  a  stand¬ 
off  sortie  is  one  that  engages  a  target  from  a  distance  using  PGM  or  JDAM-type 
weapons.  Sorties  that  do  not  use  standoff  weapons  and  tactics  are  assumed  to  deliver 
conventional  iron  bombs. 

The  proportion  of  sorties  using  standoff  weapons  and  tactics  is  a  deterministic 
event  node,  dependent  upon  weapons  availability,  the  decision  to  use  GPS,  and 
the  constellation  value  available  in-theater.  When  GPS  is  used,  the  proportion  of 
total  sorties  using  standoff  weapons  and  tactics  is  assumed  at  0.25.  If  JDAM-1 
and  more  GPS-equipped  platforms  and  weapons  become  available,  the  fraction  of 
PGM  tonnage  and  sorties  could  increase  significantly  above  0.25.  When  GPS  use  is 
not  selected,  the  proportion  drops  to  0.10,  which  is  consistent  with  data  published 
following  Desert  Storm:  the  PGM  fraction  of  total  Desert  Storm  bomb  tonnage 
dropped  by  the  US  Air  Force  was  about  0.11  (7:28). 

5.2.5  Mission  Survival.  The  probability  of  aircraft  mission  survival  is  a 
function  of  the  enemy  threat,  whether  the  sortie  is  employing  standoff  or  conventional 
weapons,  and  the  accuracy  of  the  self  location  data.  Survivability  is  frequently  ex¬ 
pressed  in  terms  of  attrition  rates,  which  shrank  from  0.08  in  World  War  II  to  about 
0.01  prior  to  Desert  Storm  (3:119,332).  Pre-war  estimates  of  Gulf  War  attrition 
ranged  &om  0.005  to  0.02,  but  the  unusual  circumstances  of  the  conflict  resulted 
in  a  loss  rate  of  only  0.00047  (7:34).  Because  they  were  the  most  recent  statis- 
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tics  available,  these  fignies  were  used  in  the  assessment  of  mission  survival  for  this 
simulation. 

The  probability  assessments  are  listed  in  Ihble  10.  The  P(survival)  for  the 
non-standoff  case  with  high  self  location  accuracy  is  equal  to  the  Desert  Storm  rate 
of  0.9995;  for  medium  accuracy  it  is  assessed  at  0.995,  the  most  optimistic  estimate 
prior  to  Desert  Storm.  For  low  self  location  accuracy  and  non-standoff  weapons, 
the  P(survival)  is  the  lowest  at  0.991,  which  is  approximately  the  figure  offered  by 
Ball  (3:332)  before  PGM  weapons  saw  wartime  use.  For  sorties  employing  standoff 
weapons,  the  probabilities  are  all  slightly  higher  than  for  the  non-standoff  case. 

Table  10.  Assessments  for  Probability  of  Mission  Survival 


1  Self  Location  Accuracy 

Low 

Non>Standoff 

0.991 

0.995 

0.9995 

Stsmdoff 

0.993 

0.997 

0.9997 

3.2. 6  Engagement.  The  probability  of  target  engagement  is  the  likelihood 
of  the  weapon  delivery  platform  actually  engaging  a  target.  It  is  a  direct  function  of 
the  platform’s  self  location  accuracy  and  the  accuracy  of  target  coordinates,  given 
the  survival  of  the  platform.  This  probability  is  higher  when  high  accuracy  naviga¬ 
tion  and  weapons  guidance  systems  (such  as  GPS)  can  ensure  all-weather  delivery 
and  standoff  capability.  Current  predsion-guided  weapons  are  limited  not  only  in 
thdr  ability  to  engage  optically-obscured  targets,  but  also  by  the  performance  and 
reliability  of  the  target  designation  or  recognition  system  (seeker,  laser,  etc.).  The 
notional  assessments  for  the  P(engagement)  in  Table  11  are  intended  to  r^ect  the 
difficulty  in  engaging  targets  as  position  accurades  are  degraded. 

3.2.7  Target  KUl.  The  next  node  represents  the  probability  that  given 
target  engagement,  a  specific  weapon  type,  and  a  set  of  target  and  self  location 
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IVible  11.  Assessments  for  Piobability  of  Engagement 


Self  Location  Accuracy 

Low 

Medium 

High 

T^et 

Location 

Accuracy 

Low 

0.40 

0.40 

Medium 

0.40 

■cm 

High 

0.95 

accuracies,  the  weapon  will  bit  its  target.  For  this  analysts,  all  targets  are  assumed 
equal  in  enemy  air-defense  protection,  hardness,  and  target  value.  Additionally,  a 
target  bit  is  assumed  to  represent  a  target  kill.  The  P(ldll)  values  were  assumed 
to  range  between  0.05  for  the  most  inaccurate  self  location  and  target  accuracy 
outcome  combinations,  and  0.95  for  the  most  precise  combination  (Tkble  12).  The 
P(ldll)  values  for  other  outcome  combinations  are  arbitrary  assessments  of  the  ability 
of  a  delivery  technique  under  certain  location  accuracies  to  place  a  weapon  on  target. 


Thble  12.  Assessments  for  Probability  of  Kill 


Conventional  Weapons  Delivery 


Self  Location  Accuracy 

Low 

Medium 

Target 

Location 

Accuracy 

Low 

0.05 

0.10 

0.20 

Medium 

0.15 

0.30 

0.50 

High 

0.60 

0.70 

0.80 

Standoff  Weapons  Delivery 


Self  Location  Accuracy 

Low 

Medium 

High 

Target 

Location 

Accuracy 

Low 

0.05 

0.25 

1^1 

Medium 

0.60 

0.60 

s&s 

High 

0.80 

0.85 

0.95 
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5.2.8  Sortie  Rate.  The  determiniitic  sortie  rate  adected  for  this  umalation 
is  two  sorties  per  day  per  available  aircraft.  Information  from  Desert  Storm  suggests 
that  the  rate  could  be  as  high  as  five  or  six  per  day  for  the  two  scenarios  involved  in 
this  analysis  (7). 

5.2.9  Number  of  Sorties.  The  number  of  sorties  flown  during  a  30-day 
campaign  is  limited  by  the  number  of  aircraft  surviving  each  day  and  the  sortie  rate 
constraint.  For  each  campaign  day,  the  aircraft  attempt  to  fly  two  sorties  each,  but 
some  are  lost  .  attrition. 

5.2.10  Number  of  Weapons  per  Sortie.  The  number  of  weapons  carried  per 
sortie  is  held  at  two;  the  use  of  larger  quantities  will  have  a  multiplicative  effect  on 
the  number  of  targets  killed  per  sortie. 

5.2.11  Targets  Killed  per  Day.  The  selected  measure  of  combat  outcome 
was  the  number  of  targets  kUled  per  day.  This  quantity  is  the  product  of  the  number 
of  aircraft  available  per  day,  the  number  of  sorties  flown  per  day  (2),  the  number  of 
weapons  per  aircraft  (2),  and  the  probability  of  loll  for  any  single  weapon. 

S.3  Summary 

The  modeling  of  the  GPS  constellation  is  achieved  through  the  use  of  IRIS 
simulation  data  for  constellation  size  forecasting,  and  the  results  used  to  calculate 
PDOP  and  an  expected  value  for  the  constellation  value.  Constellation  value  is 
used  to  modify  distributions  of  self  location  and  target  location  accuracies  for  a 
GPS  scenario,  which,  in  turn,  determine  probabilities  of  mission  survival,  target 
engagement,  and  target  kill.  These  variables  derive  a  probability  of  kill  for  any 
weapon  used  in  the  campaign. 

The  TACSIM  model  was  developed  in  a  Microsoft  Excel  workbook  as  a  series 
of  cross-linked  spreadsheets.  The  flow  of  model  data  and  parameters  is  automatic. 
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with  the  most  ngnificant  variables  entered  into  their  own  dedicated  spreadsheet; 
i.e.,  the  IRIS  forecast  results  are  printed  to  a  data  file  which  is  loaded  into  its  own 
Excel  spreadsheet,  sorted,  and  analysed.  The  resultant  probability  distribution  is 
then  transferred  to  a  constellation  value  spreadsheet,  which  computes  an  expected 
constellation  value  using  the  IRIS  distribution  and  the  associated  constellation  values 
obtained  from  previous  PDOP  calculations.  This  cross-linking  of  data  eases  scenario 
and  model  analysis. 
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IV.  Analysis  of  Results 

The  GPS  TAGSIM  model  used  the  baieKne  values  devdoped  in  Cluster  III 
to  obtain  baseline  results  for  air-to-ground  campaigns  conducted  with  and  without 
GPS.  These  results  were  validated  and  a  deterministic  sensitivity  analysis  was  po- 
formed  to  determine  the  most  significant  variables.  A  stochastic  simulation  was 
then  conducted  to  observe  variance.  The  relationships  between  variables  were  then 
analysed  to  improve  the  understanding  of  GPS’  contribution  to  campaign  results. 

4.1  Initiat  TACSIM  RtsuiU 

The  TAGSIM  model  results  for  the  baseline  case  are  plotted  in  Figure  9.  The 
number  of  targets  killed  in  a  30-day  campaign  with  GPS  used  for  navigation  and 
weapons  guidance  was  5167,  which  is  3.65  times  the  1415  targets  killed  without  the 
use  of  GPS.  The  analysis  of  these  results  is  discussed  in  succeeding  sections. 


Toigato  KM  bi  SO-Onv  Compoisn 


Figure  9.  Baseline  Results  for  GPS  TAGSIM  Model 
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4.S  Model  Verifi^Hon  and  Vakdaiion 


The  GPS  TACSIM  model  waa  verified  by  amstracting  a  probahiUty  tree  ac- 
cotmting  fox  all  poaaible  combinations  of  TACSIM  event  outcomes.  The  probability 
tree  results  (induded  in  Appendix  B)  matched  those  obtained  from  the  model,  ver¬ 
ifying  the  accuracy  of  the  model’s  algorithms.  The  probabilities  were  analysed  for 
the  GPS  and  no-GPS  scenarios  to  validate  the  modd’s  behavfor  (20:104). 

4.2.1  GPS  ResuUa.  In  a  perfect  case  with  probal^ties  of  survival,  engage¬ 
ment,  and  kill  aU  equal  to  1.0,  each  of  72  aircraft,  fiying  two  sorties  per  day  and 
carrying  two  weapons  per  sortie,  could  destroy  288  targets  per  day.  Accordingly, 
the  absolute  best  possible  result  from  a  30-day  campaign  would  be  8640  targets  de¬ 
stroyed.  Any  performance  bdow  this  levd  can  be  attributed  to  leas  than  perfect 
probabilities  of  survival,  engagement,  and  kill.  Using  the  values  from  the  probability 
tree,  the  difference  in  the  GPS  versus  no-GPS  campaign  outcomes  was  investigated. 
The  contributions  of  these  parameters  are  shown  in  Figure  10. 

Sources  of  DMsieiicas  In  Sortie  LatioMy 


Figure  10.  Identification  of  Limiting  Variables  for  TACSIM  Results 
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For  the  GPS  caae,  the  most  ligiuftcaat  d«grsd«tk»  is  due  to  P(ld]l),  accooBtiag 
for  55%  of  the  total  difference  in  targets  killed.  This  rdationship  is  not  surprising, 
since  only  0.25  of  the  GPS  sorties  nse  the  more  effective  standee  vmpons.  The 
results  could  be  improved  by  using  a  higher  proportion  standoff  wei^ns,  and  by 
increasing  the  probability  of  high-accuracy  sdf  location  and  target  location  outcomes. 

The  P(engagement)  variable,  accounting  for  42%  of  the  degradation,  is  the 
second  largest  Umiting  variable  in  the  GPS  campaign.  As  a  direct  function  of  the 
accuracy  of  self  and  target  location  data,  P(engagement)  suffers  from  inaccurate 
navigation  information  and  poor  targeting  data. 

P(survival)  contributes  only  3%  to  the  overall  results  because  of  the  very  low 
attrition  levels  assigned  to  the  campaigns. 

4.S.£  No-GPS  ResuHs.  Again  referring  to  Figure  10,  the  no-GPS  cam¬ 
paign  results  are  moat  significantly  reduced  due  to  the  somewhat  balanced  effects  of 
P(engagement)  (contributing  49%)  and  P(ldll)  (contributing  47%).  With  notional 
P(engagement)  assessments  averaging  0.60  due  to  predominantly  ‘medium’  naviga¬ 
tion  accuracies,  the  number  of  sorties  releadng  bombs  over  their  assigned  target  is 
constrained.  When  the  sorties  do  engage  their  targets,  the  imperfect  P(kill)  due  to  a 
lower  proportion  of  standoff  sorties  (0.10)  and  less  accurate  self  and  target  location 
data  account  for  a  significant  degradation.  The  variable  contributing  the  least  to  the 
no-GPS  results  is  P(survival),  which  is  always  at  least  0.991  and  accounts  for  only 
4%  of  the  difference. 

A  second  comparison  of  the  GPS  and  no-GPS  results  is  made  in  Figure  11.  In 
this  figure,  the  difference  between  the  no-GPS  and  GPS  results  is  again  distributed 
among  the  effects  of  P(survival),  P(engagement),  and  P(kill).  In  this  comparison, 
P(engsgement)  at  57%  is  the  most  significant  contributor  to  the  increase  in  targets 
killed  for  the  GPS  case. 
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on 

Figure  11.  Compurisou  of  GPS  and  No-GPS  TAGSIM  Resulit 

The  next  most  significant  driver  is  the  increase  in  P(kill)  obtained  with  GPS 
navigation  and  weapons.  Part  of  the  39%  increase  is  due  to  the  0.15  increase  in  the 
proportion  of  standoff  weapons  used  in  the  GPS  campaign  over  the  no-GPS,  but 
the  remainder  is  attributable  to  the  increased  iron  bombing  accuracy  obtained  with 
GPS.  Bombing  tests  at  Yuma  Proving  Grounds  have  shown  that  when  aircraft  use 
GPS  for  self  location  and/or  target  coordinate  updates,  delivery  CEPs  are  improved 
by  approximately  50%  (11:147). 

The  least  significant  contributor  was  a  slightly  higher  rate  of  attrition  for  the 
no-GPS  case,  accounting  for  only  3%  of  the  difference. 

4.9  SensiUvUy  Anaiyaia 

The  next  step  in  analysing  the  TACSIM  modd  was  the  deterministic  smtsitivity 
analysis  of  the  independent  variables.  Each  variable  was  shifted  from  the  base  value 
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to  an  upper  and  bwer  bound  and  the  zeraita  compared  to  determine  which  uatiaUea 
might  require  more  detailed  atudy.  The  bwer  and  upper  limita  were  approximated 
at  the  0.05  and  0.95  cumubtixe  probability  bvda  of  the  eatimated  range  of  xaluea 
for  each  variable  (6). 

As  shovm  in  Figure  12,  TACSIM  ia  moat  aenaitive  to  the  aortb  rate  per  day 
and  number  of  weapons  carried  per  aortb;  the  attrition  rate  is  a  function  of  the  sortie 
rate  and  the  number  of  targets  killed  u  a  multipb  of  the  number  of  the  weapons. 
These  variables  merely  scale  the  overall  TACSIM  results. 

Tornado  Diagram  for  TACSIM  SorwHIvIy 
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Figure  12.  TACSIM  Sensitivity  Results 

The  next  most  significant  variable  is  the  decision  to  use  GPS.  When  GPS  is 
not  used  for  navigation  and  weapons  guidance,  the  sortie  lethality  is  reduced  as 
discussed  in  the  previous  section. 

Variations  in  constellation  value  influence  the  results  to  a  lesser  extent.  As 
shown  in  Figure  13,  TACSIM  results  are  very  sensitive  to  CV.  However,  for  most 
decisions  that  AFSAA  is  expected  to  face,  it  is  anticipated  that  none  will  involve 
significant  reductions  in  the  baseline  GPS  consteUation  size;  the  decisions  will  likely 
involve  whether  to  delay  the  replacement  of  a  single,  or  at  most  three,  SV  failures. 
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And  as  sh^wn  in  l^ble  7,  the  mean  constellation  value  for  3  SV  foilnies  is  about 
0.98.  Thus,  the  constellation-induced  risk  to  r^wip^igw  success  and  duration  i^ppears 
minimal  for  small  reductions  in  constellation  siae. 


TomsIiKMadaionieSonalConUsItSlpnVUlua 
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Figure  13.  Sensitivity  of  TACSIM  Results  to  Constellation  Value 

The  least  significant  variation  in  campaign  outcome  is  due  to  the  proportion 
of  standoff  sorties  flown.  The  base  case  proportion  was  assessed  at  0.25,  and  could 
feasibly  vary  between  0.10  and  0.40.  Because  these  tactics  have  a  higher  survival 
rate  and  the  weapons  a  higher  P(ldll)  given  favorable  target  location  data,  they 
have  a  higher  probability  of  success.  Thus,  if  the  standoff  weapons  are  available  in 
affordable  quantities,  the  campaign  can  realise  significant  gains  by  using  a  higher 
proportion  of  standoff  weapons,  as  seen  in  Figure  14. 

Although  TACSIM  is  not  sensitive  to  all  of  the  independent  variables,  they  were 
retained  in  the  model  as  a  tool  for  subsequent  analysis  of  the  dependent  variables. 

Monte  Carlo  Simulation 

To  better  characterize  the  TACSIM  model  behavior,  a  Monte  Carlo  simulation 
was  conducted  (6:313).  The  constellation  value,  proportion  of  standoff  sorties,  and 
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Figure  14.  Effect  of  Standoff  Use  on  Campaign  Outcome 

probabilities  of  engagement  and  kill  were  all  converted  to  random  variables.  The 
Beta  distribution  was  chosen  for  all  variables  because  of  its  ability  to  model  any 
parameter  with  values  between  0  to  1.  The  probability  of  survival  was  not  varied 
due  to  the  relative  certainty  of  the  base  values. 

The  TACSIM  30-day  campaign  was  simulated  30  times  for  both  the  GPS  and 
the  no-GPS  scenarios.  The  sample  sise  of  30  independent  runs  can  be  shown  to 
adequately  estimate  the  true  mean  of  the  stochastic  model  to  within  2<r,  if  the  2<r 
accuracy  is  defined  as  50  targets: 

Minimum  Sample  Sise  =  [2  x  ^27  .  gggj 

Accuracy 

where  the  standard  deviation  from  the  Monte  Carlo  runs  is  used  as  an  estimate  of 
the  true  standard  deviation.  This  level  of  fidelity  is  appropriate  for  the  purpose  of 
this  research. 

The  simulation  results  are  listed  in  Table  13.  In  the  GPS  case,  the  mean 
number  of  targets  killed  over  30  days  (5071)  differed  from  the  deterministic  result  of 
5167  by  only  2%;  the  standard  deviation  was  only  91  targets.  This  effect  was  also 
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T&ble  13.  Monte  Carlo  Simulation  Results 


Campaign 

Mean  Tkrgets 
KUled 

Standard 

Deviation 

Determinutk 

Result 

GPS 

5071 

91 

5167 

No>GPS 

1491 

111 

1415 

observed  in  the  no-GPS  campaign,  where  the  mean  number  of  targets  killed  (1491) 
was  only  5%  above  the  deterministic  value  of  1415,  and  the  standard  deviation  was 
111. 

The  cumulative  distribution  functions  for  both  scenarios  are  also  shown  in 
Figures  15  and  16,  revealing  the  narrow  distribution  of  the  simulation  outcomes  and 
confirming  the  stochastic  dominance  of  the  GPS  over  the  no-GPS  campaign  results 
(6:90). 
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Figure  15.  Cumulative  Distribution  Function  (GPS  Case) 

4.5  Navigation  Senaitivity  Analyaia 

The  behavior  of  the  model  was  next  investigated  through  a  detailed  analysis 
of  sensitivity  to  the  navigation  variables. 
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Figure  16.  Cumulative  Distribution  Function  (No-GPS  Case) 

Recall  that  the  only  difference  between  the  GPS  and  no-GPS  campaigns  is 
the  distribution  of  self  and  target  location  accuracies  and  the  proportion  of  standoff 
sorties  flown.  The  effect  of  improved  navi^tion  is  very  clearly  seen  in  Figure  17, 
where  the  range  of  high  self  and  target  location  accuracy  probabilities  can  be  seen 
to  account  for  the  entire  range  of  the  no-GPS  and  GPS  campaign  results.  This 
relationship  demonstrates  the  magnitude  of  the  contribution  of  GPS  navigation  and 
its  potential  to  improve  sortie  lethality. 


2-Way  Navigation  SensiNvIty  Analysis  C2S%  Standoff  Sori^ 
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Figure  17.  Sensitivity  to  Navigation  Accuracy 
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The  difference  in  results  between  two  isocount  lines  can  be  translated  into  the 
time  required  to  kill  a  fixed  number  of  targets.  For  example,  consider  the  degradation 
in  campaign  outcome  for  the  4000  isocount  line  ([5167  —  4000]  =  1167  targets  per 
30  days).  By  computing  a  mean  number  of  targets  killed  per  day  (133.3),  there  is 
a  potential  delta  of  almost  nine  days  required  to  accomplish  the  base  case  result  of 
5167  targets.  In  campaign  terms,  this  may  be  interpreted  as  an  additional  nine  days 
to  achieve  a  campaign  objective  of  5167  targets.  The  implications  of  such  a  delay  in 
a  modem,  short-duration  campaign  could  be  severe. 

In  order  to  further  isolate  the  effect  of  improved  self  and  target  location  ac¬ 
curacy,  the  standoff  proportion  was  set  to  zero.  The  subsequent  outcome  of  4861 
targets  killed/30  days  identifies  the  surprising  fact  that,  given  the  baseline  parame¬ 
ter  assessments,  only  about  6%  of  the  base  case  results  were  due  exclusively  to  the 
use  of  PGM  and  JDAM  weapons  and  their  higher  P(kill).  The  lethality  of  conven¬ 
tional,  unaided  weapons  is  enhanced  simply  by  the  higher  accuracy  of  self  location 
and  target  location  data  and  the  resulting  higher  survivability,  engagement,  and  loll 
probabilities. 

4.6  Weapons  Effectiveness  Analysis 

To  investigate  the  effect  of  weapons  effectiveness  on  TACSIM  behavior,  the 
variables  of  P(engage  |  high  self  location  and  target  location  accuracy)  and  P(kill  | 
non-standoff,  high  self  location  and  tuget  location  accuracy)  were  varied  simultane¬ 
ously.  The  TACSIM  model  exhibits  a  considerable  sensitivity  to  these  assessments, 
as  evidenced  in  Figure  18.  As  these  parameters  are  assessed  at  values  lower  than  the 
original  parameters  in  Chapter  III,  the  outcome  of  the  GPS  campaign  can  approach 
the  lower,  no-GPS  campaign  residt.  Because  of  this  sensitivity,  the  actual  variables 
used  in  the  application  of  TACSIM  should  be  provided  by  credible  sources  such  as 
the  Joint  Munitions  Effectiveness  Manual  (JMEM). 
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Figure  18.  Sensitivity  to  P(Engagement)  and  P(Kill) 

4.7  Enemy  Exptoitation  of  GPS 

One  objective  of  this  research  was  to  assess  the  impact  of  enemy  exploitation  of 
the  GPS  system.  Although  this  problem  was  not  modeled  explicitly  by  TACSIM,  it 
can  be  derived  by  analyzing  the  effects  of  GPS  navigation  accuracy  on  the  parameters 
affecting  sortie  lethality. 

As  discussed  in  Chapter  II,  the  GPS  signal  is  broadcast  in  two  code  formats. 
Only  the  low-precision  C/A  code  is  available  to  unauthorized  users;  thus,  the  accu¬ 
racy  available  to  an  opponent  is  limited  to  40  meters  CEP  (assuming  he  does  not 
use  the  Russians’  similar  GLONASS  system,  which  does  not  deny  access  to  the  high- 
accuracy  codes).  Recalling  the  bounds  for  high  self  and  target  location  accuracies, 
it  is  apparent  that  even  though  the  enemy  is  only  using  the  SPS,  his  self  location 
accuracy  is  less  than  100m  CEP  and  assessed  as  ‘high.’  A  similar  comparison  with 
target  location  accuracy  reveals  that  he  will  only  experience  ‘medium’  target  location 
accuracy.  Both  the  self  and  target  location  accuracies  are  functions  of  the  GPS  CV. 
B2ised  on  these  definitions,  the  enemy’s  expected  navigation  accuracies  are  shown  in 
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Table  14.  Enemy  Navigation  Accuracy  with  GPS  SPS  Use 


Self  Location  Accuracy 

Low 

CEP  >  1000m 

Medium 

100m  <  CEP  <  1000m 

High 

CEP  <  100m 

0.2x(l-0.98xCV) 

0.8  X  (1  -  0.98xCV) 

0.98  xCV 

Target  Location  Accuracy 

Low 

CEP  >  100m 

Medium 

10m  <  CEP  <  100m 

High 

CEP  <  10m 

0.8x(l-0.70xCV) 

0.70xCV 

0.2  X  (1  -  0.70xCV) 

l^ble  14.  The  TACSIM  model  can  then  be  used  to  determine  the  expected  impact 
to  the  enemy’s  campaign  results.  Assuming  the  enemy  is  not  using  standoff  weapons 
and  that  he  enjoys  similar  probabilities  of  survival,  engagement,  and  kill  as  our  own 
forces,  the  TACSIM  model  computed  2452  targets  killed  over  30  days  (almost  a  75% 
increase  from  the  no-GPS  case). 

This  model  of  sortie  effectiveness  can  be  used  to  estimate  the  effect  of  an 
enemy’s  use  of  GPS  for  his  own  navigation  purposes,  even  when  he  only  accesses  the 
civilian  SPS  signal.  The  potential  for  increased  enemy  lethality  places  even  more 
pressure  on  our  air  forces  to  achieve  campaign  objectives  quickly. 

4.8  Summary  of  TACSIM  Results 

Through  the  TACSIM  deterministic  model  simulation,  Monte  Carlo  simulation, 
and  deterministic  sensitivity  analysis  the  reasons  for  the  increase  in  GPS  campaign 
results  were  identified  and  explained.  It  is  apparent  that,  for  the  assumptions  we 
made  for  this  analysis,  GPS  navigation  has  a  measurable  impact  on  sortie  lethzdity, 
attributable  to  three  primary  factors: 
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•  GPS  navigation  enhances  lethality  through  higher  probabihty  of  sdf  location 
accuracy  within  a  100  meter  CEP.  This  enhancement  alone  impacts  sortie 
survivability,  probability  of  engagement,  and  probabihty  of  kill.  But  the  syn¬ 
ergistic  effect  of  accurate  target  and  self  location  information  can  increase  these 
parameters  to  very  high  levels  of  effectiveness. 

•  GPS  navigation  increases  lethaHty  through  increased  target  location  accuracy; 
the  higher  probabihty  of  locating  a  target  to  a  CEP  of  less  than  10  meters 
has  a  dramatic  influence  on  probabihty  of  engagement  and  target  kill,  whether 
PGM  or  unaided  weapons  are  used. 

s  GPS  navigation  provides  an  inexpensive  means  of  aiding  conventional  iron 
weapons  (JDAM-1)  (5),  affording  a  potentially  higher  fraction  of  standoff  sor¬ 
ties  and  a  resultant  higher  probabihty  of  kill. 

These  influences  are  shown  to  be  somewhat  insensitive  to  random  fluctuations 
in  the  GPS  constellation  size.  Only  in  the  unlikely  event  of  5  or  more  simult  ^^eous 
SV  failures  does  the  GPS  accuracy  degrade  significantly  and  begin  to  approach  the 
no-GPS  levels. 

The  analysis  has  also  shown  the  dependence  of  the  campaign  outcome  on  the 
choice  of  parameters  for  P(survive),  P(engage),  and  P(kill).  The  values  used  in 
the  TACSIM  base  case  are  notional,  and  require  modification  by  the  user  to  more 
accurately  represent  the  campaign  outcomes  both  with  and  without  GPS. 


V.  Concluaiona  and  Recommendationa 

Thii  final  chapter  duciusea  concloaions  based  on  the  resnlts  ci  analysis  the 
GPS  and  no-GPS  campaigns,  and  proposes  issues  for  farther  research. 

5.1  Conchtaioru 

The  primary  objective  of  this  research  was  to  develop  a  method  to  measure  the 
effects  of  varying  constellation  siae  on  the  contribution  of  the  GPS  system  to  combat 
outcome.  The  study  concludes  that  for  the  current  24  SV  constellation  baseline, 
there  is  a  minimal  chance  of  experiencing  six  or  more  simultaneous  SV  failures.  And 
for  most  combinations  of  six  failures,  the  resulting  GPS  accuracy  degradation  does 
not  appear  to  significantly  degrade  air-to-ground  combat  outcome  in  either  the  SWA 
or  NEA  theaters,  for  the  notional  weapon  system  effectiveness  parameters  used  in 
this  analysis.  Given  actual  parameters,  the  TACSIM  model  provides  a  means  to 
more  accurately  assess  the  impact  of  constellation  size  decisions. 

Additionally,  the  research  identifies  the  effect  of  improved  navigation  luxu- 
racy  on  air-to-ground  combat  outcome.  An  increase  in  targets  killed  over  time  is 
attributable  to  the  synergistic  effects  of  high  accuracy  navigation  and  target  data 
on  probabilities  of  sortie  su.  v'val,  eng^ement,  and  loll.  The  study  identifies  the 
GPS-related  enhancement  of  these  MOEs,  which  can  be  used  in  larger  air  campaign 
models  to  more  accurately  quantify  the  effects  of  GPS  navigation  on  air-to-grotmd 
sortie  lethality. 

A  secondary  objective  of  the  research  was  the  development  of  a  space  system 
contribution  assessment  method  that  could  be  adapted  to  other  military  space  sys¬ 
tems.  The  use  of  the  decision  analysis  techniques  of  influence  diagrams  and  value 
trees  facilitated  the  measurement  of  the  campaign  contribution  of  the  GPS  space 
system,  and  they  are  directly  applicable  to  other  space  systems.  Influence  diagrams 
can  be  used  to  identify  the  major  factors  affecting  constellation  size,  and  ultimately. 
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system  availability  and  accuracy.  The  value  tree  is  used  to  develop  operatkmal  at¬ 
tributes  of  air-to-ground  campaigns  that  would  capture  the  influence  of  the  space 
system  on  the  campaign  scenario.  The  two  tools  are  combined  to  devdop  either 
a  unique  theater  air  combat  simulation,  or  to  identify  the  campaign  parameters  or 
‘hooks’  to  be  modified  and  observed  in  an  existing  campaign  model. 

Finally,  the  research  was  intended  to  assess  the  impact  of  enemy  use  of  GPS 
against  our  own  forces.  Analysis  of  this  exploitation  reveab  that  even  with  access  to 
only  the  SPS  signals,  an  adversary  can  realize  a  significant  increase  in  the  number 
of  targets  killed  over  time. 

5.2  Recommendatioru 

This  research  identifies  a  means  to  assess  the  contribution  of  the  GPS  space 
system  to  the  air-to-ground  warfighter.  However,  in  order  to  more  clearly  understand 
the  contribution  of  GPS  to  any  campaign,  more  study  is  needed  in  several  critical 
areas: 

•  The  definition  of  Constellation  Value  included  a  threshold  of  PDOP<6.0.  The 
threshold  could  possibly  be  redefined  to  consider  PDOP<2.5,  more  closely 
approximating  the  actual  GPS  PPS  accuracy  specification  and  demonstrating 
more  variation  and  sensitivity  to  SV  failures. 

•  Due  to  the  model’s  sensitivity  to  the  assessment  of  self  location  and  target 
location  accuracy  probabilities,  these  parameters  should  be  studied  to  ensure 
they  reflect  current  navigation  and  targeting  accuracies. 

•  The  effort  required  to  formulate  the  GPS  contribution  methodology  coupled 
with  the  data  classification  precluded  a  more  accurate  assessment  of  the  crit¬ 
ical  probabilities  for  sortie  survival,  engagement,  and  kill.  These  parameters 
should  be  investigated  and  more  closely  related  to  self  location  accuracy,  target 
location  accuracy,  and  weapon  CEPs. 
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•  The  MOEs  identified  in  the  research  axe  common  to  large-scale  air  campaign 
modds.  Future  research  could  adapt  the  GPS  constellidioa  model  and  related 
location  accuracies  to  an  air  campaign  model;  the  results  would  be  of  much 
higher  fidelity  and  credibility. 

•  The  threat  of  GPS  signal  jamming  was  assumed  to  be  nei^igible  for  this  anal¬ 
ysis.  However,  the  methodology  provides  a  means  to  degrade  or  deny  GPS 
signals  through  the  'signal  survivability’  node.  Future  research  could  charac¬ 
terise  the  jamming  threat  for  inclusion  in  the  model. 
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Appendix  A.  Expected  Constellation  Value  Data 
A.l  IRIS  Output  Data 

The  IRIS  sunolation  wai  ran  u  described  in  Cluster  III.  For  the  baseline 
launch  scheduk,  the  piobabiUties  of  having  greater  than  or  equal  to  15  or  more 
operational  SVs  on  orbit  were  plotted  as  a  function  of  time  (months  from  September 
1993).  The  cumulative  probabilities  were  output  as  data  files  and  loaded  into  an  fisce/ 
spreadsheet.  For  each  of  the  cases,  the  probabilities  were  averaged  over  96  months. 
These  mean  values  were  used  to  obtain  the  discrete  probabilities  in  l^ble  15,  and 
used  for  subsequent  expected  constellation  value  computations. 


Ihble  15.  Discrete  Probability  of  X  SVs  On  Orbit 


P(X  <  *) 

P(A:  =  *a)=P(X  <  »j)-P(X  <  zi) 

P(X  <  *) 

0.000 

0.001 

Bi 

0.999 

0.001 

0.002 

17 

0.006 

18 

0.014 

0.023 

19 

0.030 

0.052 

20 

0.948 

0.052 

0.069 

0.121 

21 

0.879 

0.121 

0.139 

22 

0.740 

0.260 

0.196 

23 

0.544 

0.456 

0.253 

24 

0.291 

0.709 

0.291 

A. 2  Constellation  Availability  and  Constellation  Value 

Constellation  availability  was  measured  by  PDOP,  which  was  forecast  using 
Lieutenant  Colonel  T.S.  Kelso’s  PDOP  computer  program.  This  program  is  pro¬ 
grammed  in  PASCAL  and  compiled  for  IBM-compatible  PC  use.  The  program  reads 
user-specified  time  interval,  time  duration,  geographic  location,  and  geographic  step 
size  information  from  a  data  file,  and  references  user-supplied  USSPACECOM  two- 
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line  orbital  element  seta  for  the  desired  SV  constellation.  The  results  are  output  in 
a  latitude/longitude  grid  format  for  each  time  increment  specified  in  the  user  setup 
file.  The  PDOP  results  are  next  read  into  a  constellation  value  program  to  calculate 
the  percentage  of  time  PDOP<  6.0  for  each  location  step.  The  CV  data  is  also 
output  in  a  latitude/longitude  format. 

Computation  time  on  a  486-DX-33  PC  was  approximately  one  hour  per  10 
degree  by  10  degree  location  grid  (one-degree  steps),  computing  PDOP  at  one  minute 
intervals  over  a  24-hottr  period.  Run  time  is  significantly  shorter  when  forecasting 
PDOP  with  less  than  20  SVs. 

The  PDOP  and  CV  software  and  the  CV  data  listings  used  in  this  research 
are  available  upon  request  from  AFIT/ENS,  c/o  Lt  Col  T.S.  Kelso,  2950  P  Street, 
WPAFB  OH,  45433-7765. 
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Appendix  B.  ProbtdtUiiy  Tree  Bjeavlta 

As  part  of  the  TACSIM  modd  i^dation,  two  piobabiEty  trees  were  con¬ 
structed  to  obtain  joint  probabilities  of  sortie  survival,  engagement,  and  we^>on  kill 
based  on  the  model  assumptions.  Included  in  this  appendix  is  the  tree  for  the  GPS 
case  only.  The  number  of  targets  killed  per  day  is  the  product  of  the  joint  probability 
of  kill,  the  number  of  aircraft  available,  the  number  of  sorties  per  day  (per  aircraft), 
and  number  of  weapons  carried  per  sortie. 
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Figure  19.  Probability  l^ee  for  GPS  Case  (High  Self  Location  A( 
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